We cloned the genes encoding the two distinct extracellular halotolerant proteases of Bacillus subtilis FP-133 Expro-I and Expro-II, which were classified as alkaline serine and neutral proteases respectively. Three-dimensional modeling suggested that acidic and polar amino acid residues located on the surface stabilize protein structure in the presence of relatively high NaCl concentrations.
Halophilic bacteria produce proteases that are stable and particularly active under extremely high salt conditions. [1] [2] [3] A number of halophilic proteases have been purified and characterized, and their genes have also been analyzed in view of their substantial potential in biotechnological applications. On the other hand, moderately halophilic bacteria possess halotolerant proteases that retain their activity not only under normal but also relatively high salt conditions. Some halotolerant proteases have been purified and characterized, in order to apply them to the fermentation of certain foods, [4] [5] [6] but the genetic structure of the proteases have not been sufficiently investigated, and the only example to date is the molecular cloning of a metalloprotease of Bacillus vietnamensis 11-4, which hydrolyzes gelatin, collagen, and elastin in 0% and 15% NaCl. 7) Previously, two distinct halotolerant proteases, Expro-I and Expro-II, from Bacillus subtilis FP-133 were characterized and classified as a serine protease and a metalloprotease respectively. 6) In this study, we cloned the genes encoding Expro-I and Expro-II, and compared their amino acid sequences to those of typical serine proteases, metalloproteases, and halophilic proteases. We also discuss a possible mechanism of the salt tolerance of these halotolerant proteases.
The N-terminal amino acid sequence of purified Expro-I is AQSVPYGVSQIKAPAL. It shows high levels of identity to those of previously reported alkaline serine proteases (Aprs). Under the assumption that Expro-I belongs to the Apr family, degenerate oligonucleotide primers were designed to amplify the Aprs conserved regions, as follows: forward primer EI-Hy-F (5 0 -TAYG-TIGARGARGAYCA-3 0 ) derived from AYVEED and reverse primer EI-Hy-R (5 0 -TTIATIACRTCCATRTT-RTT-3 0 ) derived from NNMDVIN. The 401-bp amplified fragment corresponding to Expro-I was sequenced and used as a probe in genomic southern analysis of strain FP-133. A 3.2-kb HindIII fragment was hybridized to the 401-bp probe. The digested chromosomal DNA fractions containing the 3.2-kb HindIII fragment were self-ligated and subjected to inverse PCR as templates, using the following primers to amplify the upstream and downstream regions flanking the 401-bp region: for Expro-I, EI-Inv-1 (5 0 -GCGCAAGCTTGGAATTGAGTGGGCG-ATCGC-3 0 ) and EI-Inv-2 (5 0 -CGCGAAGCTTGCGCG-TACGCCTGTGCAAC-3 0 ). The amplified fragments were ligated to pBluescript II SK(À) (Stratagene, La Jolla, CA) for sequencing. Nucleotide sequencing revealed that the Expro-I gene was 1,149-bp long and encoded a polypeptide composed of 382 amino acid residues (DNA Databank of Japan, DDBJ accession no. AB568089). The N-terminal amino acid residue corresponding to the N-terminus of purified Expro-I was located at position 108 of the deduced amino acid sequence, and Expro-I was synthesized as a preproprotein for subtilisins, as previously reported. 8, 9) The sequence of the first N-terminal 30 residues of the 107 amino-acid-long preprotein region resembled a typical signal peptide sequence, with a short sequence containing two positively charged residues (Lys-Lys), followed by a long hydrophobic sequence and a potential peptidase cleavage site (Ala-X-Ala).
10) The propeptide consisted 77 amino acid residues following the preprotein region. Thus the mature protein, designated Apr FP133, consisted of 275 amino acid residues with a catalytic triad center containing Asp, His, and Ser residues (Fig. 1A) , as identified by comparing the sequence with the homologous alkaline serine proteases subtilisin of Bacillus sp. B16 (Fig. 1A , Apr B16; DDBJ/ EMBL-Bank/GenBank accession no. AY708655), 11) subtilisin G4 of Brevibacillus laterosporus G4 (AY720895), 12) and subtilisin DFE of Bacillus amyloliquefaciens DC-4 y To whom correspondence should be addressed. Tel/Fax: +81-78-803-5893; E-mail: hakko3@kobe-u.ac.jp Biosci. Biotechnol. Biochem., 75 (1), [148] [149] [150] [151] 2011 Note (DQ132806).
13) The calculated molecular mass of the predicted Apr FP133 was 27,446 Da, which nearly coincided with the 29-kDa molecular mass of previously purified Expro-I. 6) Among previously reported alkaline serine proteases, the deduced amino acid sequence of Apr FP133 was >98% identical to that of alkaline serine proteases identified as fibrinolytic enzymes and that of nematode-cuticle-degrading protease from gram-positive bacteria. [11] [12] [13] The Expro-II gene was cloned by a procedure similar to that used for cloning the Expro-I gene. The Nterminal amino acid sequence of purified Expro-II, AAATGTGTTLKGKTV, showed high similarity to that of previously reported neutral proteases (Npr). PCR primers designed from the Nprs conserved regions were used to amplify the fragment for Southern analysis, as follows: EII-Hy-F (5 0 -GARCCIGCIAAYTGGGARG-3 0 ) derived from EPANWEV and EII-Hy-R (5 0 -ACICC-RTGIGTCATYTCRTG-3 0 ) derived from HEMTHGV. Inverse PCR was performed using the primer pair EIIInv-1 (5 0 -GCGCGGATCCTGTTTCCGCATCAACGGT-3 0 ) and EII-Inv-2 (5 0 -ATATGGATCCGGTTCAATGG-ACGTAACGGC-3). The 520-bp amplified fragment corresponding to Expro-II was used as a probe for southern analysis. A 2.8-kb BclI fragment that hybridized with the 520-bp probe was self-ligated and subjected to inverse PCR as template. The Expro-II gene was 1,566-bp long and encoded a polypeptide comprising 521 amino acid residues (accession no. AB568090). The Nterminal amino acid residue corresponding to the Nterminus of the purified Expro-II was located at position 222 of the deduced amino acid sequence. The protein was suggested to contain a prepeptide region of 27 amino acid residues and a propeptide region of 194 residues. Thus the mature protein, designated Npr FP133 might have consisted of 300 residues with a catalytic triad center containing Glu, Asp, and His residues (Fig. 1B) , as identified by comparison with the neutral proteases of Bacillus sp. RH219 (DQ983789), 14) B. laterosporus strain G4 (DQ983787), 15) and Bacillus sp. B16 (AY708654). 16) Expro-II might contain a zinc-binding site consisting of His, His, and Glu residues.
7) The prepeptide region, which contained two positively charged amino acid residues (Lys-Lys) and a hydrophobic region, was similar to those of other Bacillus neutral proteases. 10, 17) The calculated molecular mass of the predicted Npr FP133 was 32,782 Da, close to the molecular mass of the purified protein, previously determined to be 34 kDa.
6) The deduced amino acid sequence of Npr FP133 was >97% identical to that of the nematode-cuticle degrading neutral protease of gram-positive bacteria. [14] [15] [16] Two DNA stretches corresponding to mature Apr FP133 (Expro-I) and Npr FP133 (Expro-II), were amplified by PCR from the strain FP-133 chromosome using high-fidelity KOD plus DNA polymerase (Toyobo, Tokyo) and the specific primer pairs: for Apr FP133, apr-F (5 0 -AGGAGGACAGGCGATGGCGCAGTCC-GTG-3 0 ) and apr-R (5 0 -AAATGGATCCTTACTGAG-CTGCCGCCTGTAC-3 0 ), and for Npr FP133, npr-F (5 0 -AGGAGGAGTGGAGATGGCCGCTGCAACCGG-AAC-3 0 ) and npr-R (5 0 -CGTTGGATCCTTGTTTAC-AAGCCGACCG-3 0 ). Each of the amplified fragments was cloned into pBluescript SK(À) and introduced into E. coli XL-1 Blue. The recombinants were grown in 3.5-mL LB medium containing ampicillin (100 mg mL À1 ) at 37 C with shaking at 140 rpm to an OD 660 of 0.5. Then IPTG (0.5 mM) was added, and the culture was further incubated for 9 h with shaking. The cells harvested from 3.5-mL culture were suspended in 3.5 mL of 20 mM Tris-HCl buffer (pH 8.0) and disrupted by sonication, and the centrifuged cell extract was subjected to protease assay for caseinolytic activity in 7.5% NaCl, as previously reported.
6) The culture supernatant, containing Expro-I and Expro-II, showed protease activity of 14.4 U mL À1 .
6) The cell extract, containing recombinant Apr FP133, exhibited protease activity of 4:0 AE 0:17 U mL À1 , significantly higher than that of the cells harboring the vector alone (1:6 AE 0:02 U mL À1 ). The extract containing recombinant Npr FP133 showed an activity of 0:84 AE 0:07 U mL À1 , almost negligible as the negative control was 0:64 AE 0:02 U mL À1 , indicating that active Npr FP133 was scarcely synthesized in the active form in E. coli. The bands, corresponding to recombinant Apr FP133 and Npr FP133 were slightly thin on SDS-PAGE. The recombinant Apr FP133 and Npr FP133 reported here did not exhibit enough activity for us to proceed to purification and further characterization. The expression and folding of the proteases of strain FP-133 and the recombinant proteases, Apr FP133 and Npr FP133, in E. coli might be different from each other. Previously reported Apr of Bacillus sp. DJ-4 9) and Npr of Bacillus nematocida 16) show high identity with Apr FP133 and Npr FP133 respectively. Although these recombinant mature proteins were also expressed in the E. coli transformant, the recombinant proteins were produced mainly as insoluble inclusion bodies and showed low protease activity. 9, 16) Recombinant proteases Apr FP133 and Npr FP133 could not prepared in large enough amounts for further study, Expro-I and Expro-II of strain FP-133 were purified by previously reported procedures.
6) The purified native Expro-I and Expro-II maintained higher caseinolytic activity in the presence of 12.5% NaCl than commercially available non-halophilic proteases, subtilisin Carlsberg and thermolysin, indicating that both enzymes were more stable under higher salt conditions than the two non-halophilic proteases (Fig. 2) . We compared halotolerant and non-halotolerant proteases by aligning the amino acid sequences of Apr FP133 (Expro-I) of strain FP-133, subtilisin Apr B16 of Bacillus sp. B16, subtilisin Carlsberg, and Apr DY of B. licheniformis strain DY (Fig. 1A) . We found that the two halotolerant proteases, Apr FP133 (Expro-I) and Apr B16, had 10 acidic or polar amino acid residues conserved at sites where the other two non-halotolerant proteins had nonpolar residues (Fig. 1A) . We also aligned the amino acid sequences of Npr FP133 (Expro-II) of strain FP-133, Npr BVMP of B. vietnamensis 11-4, and the metalloprotease thermolysin (Fig. 1B) . It was found that Npr FP133 (Expro-II) of strain FP-133 and Npr BVMP of B. vietnamensis 11-4 were both halotolerant and conserved nine acidic or polar amino acid residues at sites where thermolysin has non-polar residues (Fig. 1B) .
Three-dimensional structural modeling of Apr FP133 (Expro-I, Fig. 3A ) and Npr FP133 (Expro-II, Fig. 3C Caseinolytic activities were measured at the indicated NaCl concentrations at 37 C at pH 7.5 by the method of Kunitz, 24) as modified by Setyorini et al.
6) The reaction mixture (0.55 mL) consisted of 0.4 mL of 50 mM Tris-HCl buffer (pH 7.5) containing NaCl and casein (3.3 mg) and 0.15 mL of purified Expro-I (1.0 U mL À1 , ), Expro-II (1.0 U mL À1 , ), commercial subtilisin Carlsberg (Sigma-Aldrich, St. Louis, MO; 5.5 U mL À1 , ), or thermolysin (Sigma-Aldrich, 5.5 U mL À1 , ). After 1 h of incubation, the amount of tyrosine released was measured using the FolinCiocalteau reagent. The relative activities of Expro-I and Expro-II were adapted from Setyorini et al. 6) Fig . 3B ) and a typical neutral protease, thermolysin of B. licheniformis (X76986, Fig. 3D ) was also performed. As shown in Fig. 3 , the conserved acidic and polar amino acid residues were particularly exposed on the surfaces of Apr FP133 (Expro-I) and Npr FP133 (Expro-II) respectively. Especially the surfaces of Npr FP133 (Expro-II, Fig. 3C ) and thermolysin ( Fig. 3D) were different from each other. It has been documented that a remarkably high number of Asp and Glu and/or Asn and Gln residues are present on the surfaces of halophilic bacterial proteins, including proteases, and the negative charge is thought to enable the stabilization of specific-water and/or ion-binding required to establish the proper tertiary or quaternary structure. 18, 19) The negative charge also prevents protein aggregation and leads to higher efficiency in protein refolding. 19) Negatively charged amino acid residues are found predominately, for example, in the mature zincmetalloprotease of Salinivibrio sp. strain AF-2004, consisting of 321 amino acid residues, with Asp and Asn residues as the second-most-abundant residues (8.6%), following Gly residues (10.8%), 20) and also in the 565-amino acid halophilic protease of Natrinema sp. J7, which consists of 15.8% acidic amino acid residues. 21) In the case of halotolerant proteins, the surface acidic amino acid residues of the malate dehydrogenase of Haloarcula marismortui cooperatively organize hydrated ion binding to the protein, as shown by sitedirected mutagenesis. 22) These conserved acidic or polar residues of halotolerant Expro-I and Expro-II of strain FP-133 might make the proteins more stable in a highsalt environment, as suggested by Dym et al. 23) To test this hypothesis, site-directed mutagenesis of Apr FP133 (Expro-I) and Npr FP133 (Expro-II) by replacing these residues will be performed in the near future. The identified Asp, Glu, and Asn residues found on the surface are indicated. Positive and negative electrostatic potential are indicated by blue and red surfaces respectively.
